The paper presents a rigorous thermodynamic derivation of the augmented Biot equations for a general case of adsorbing fluid mixture confined to nanoporous solid. The proposed approach extends the Gibbs excess adsorption thermodynamics to poroelastic nanomaterials. The augmented Biot equations contain additional terms associated with the adsorption stress, which represents the derivative of the excess grand thermodynamic potential of the adsorbed phase. The adsorption stress depends on the geometrical specifics of the material under consideration (pore size, shape, etc.) and the potential of fluid-solid intermolecular interactions. It can be calculated by using the density functional theory and/or Monte Carlo simulations, as well as empirical or classical thermodynamics theories. Special attention is paid to the specifics of adsorption deformation in micropores of molecular dimensions and the interpretation of the strain measurements in situ XRD and dilatometry experiments. Examples include micro-and mesoporous carbons and metal-organic frameworks.
INTRODUCTION
In recent years, the problem of extension of Biot poromechanics (Biot 1941) to nanoporous materials for the description of adsorption-induced deformation has gained considerable interest in both mechanical and physico-chemical communities.
In the field of poromechanics, this interest was triggered by the problems associated with the deformation of nanoporous domains in shale and coal reservoirs upon adsorption and desorption of light hydrocarbons and carbon dioxide in the processes of secondary methane recovery and carbon dioxide sequestration (Brochard, Vandamme et al. 2012 , Nikoosokhan, Vandamme et al. 2012 , Espinoza, Vandamme et al. 2014 . On the other hand, adsorption scientists were fascinated by unusual flexibility of newly discovered nanomaterials, in particular metal-organic frameworks, which demonstrate a variety of specific mechanical responses to adsorption of guest molecules, which were not observed earlier (Neimark, Coudert et al. 2010 ) (Sugiyama, Watanabe et al. 2012 ) )} (Coasne, Weigel et al. 2014 ) (Cho, Deng et al. 2015 , Krause, Bon et al. 2016 . It was shown with multiple examples that guest molecules adsorbed in nanoscale pores exert a significant stress in the host solid matrix causing, depending on the conditions, not only swelling but also contraction, and sometimes, structural transformation and even collapse of the material. These phenomena cannot be explained with the conventional approaches: while the classical poromechanics ignores the adsorption effects, the classical adsorption theories are based on the assumption of "inert" non-deformable solid. In this work, we extend the Gibbs thermodynamics of excess adsorption to poroelastic solids, and derived augmented Biot equations, which include along with the fluid pressure the adsorption stress responsible for deformation-adsorption coupling. The proposed approach is directly relevant to the thermodynamic derivation of the Biot equations suggested by Coussy in his seminal book (Coussy 2010) . To emphasize this relevance, we used the same denotations, when applicable.
The key notions in the suggested thermodynamic approach to nanoscale poromechanics are excess adsorption and adsorption stress. Excess adsorption is defined as the difference between the actual (absolute) amount of fluid in pores and the amount fluid in the reference system, which represents the equilibrium bulk fluid in volume equal to the volume of pores (Rouquerol 1988) . Zero excess adsorption corresponds to the limit of classical poromechanics. Adsorption stress is defined as the derivative of the grand thermodynamic potential of the adsorbed phase with respect to the variation of the sample porosity or strain (Ravikovitch and Neimark 2006) . The grand thermodynamic potential of the adsorbed phase is related to the excess adsorption isotherm through the Gibbs adsorption equation. It is important that in adsorption experiments the excess (rather than absolute) adsorption isotherm is measured, and the use of excess adsorption links the theory to the experimentally measurable data.
Below we outline the main ideas of the proposed approach and refer to the application examples, which include adsorption-induced deformation micro-and mesoporous carbons and metal-organic frameworks experimentally studied by in-situ XRD and dilatometry.
THERMODYNAMICS OF EXCESS ADSORPTION ON DEFORMABLE ADSORBENTS
Excess grand thermodynamic potential. Let's consider the thermodynamics of adsorption equilibrium between a bulk fluid of composition { } at pressure p and respective chemical potentials { } and a solid of undeformed porosity . Following Gibbs, adsorption thermodynamics is formulated in terms of the excess quantities. The need of introduction of excess quantities instead of absolute ones is dictated by the conditions of adsorption measurements. The adsorbent cannot be considered separately from the fluid, in which it is immersed, since it is impossible to draw a physical boundary between the volume occupied by adsorbed fluid and the bulk. The measurable quantity is the excess adsorption defined as the difference between the total amount of component k in the adsorption system and the amount of same component k in the bulk mixture at given composition and pressure contained in a certain reference volume. In adsorption practice, this reference volume is chosen equaled to the accessible porosity of the undeformed sample determined from independent measurements, most frequently by helium calibration at low pressure, assuming that helium is not adsorbed and has the same density in the pores and in the bulk. As such, the Gibbs excess adsorption and other extensive thermodynamic quantities of the saturated solid are defined with respect to the equilibrium bulk phase of volume . All quantities are presented as Lagrangian densities, expressed per unit volume of undeformed solid.
The total amount of component k confined in the pores, is presented as
Where is the equilibrium bulk concentration and is the excess adsorption. The excess grand thermodynamic potential of saturated solid, which determines the adsorption equilibrium, is respectively defined as
where is the Helmholtz free energy and = − Σ is the grand thermodynamic potential of the saturated solid counted from the free energy of the undeformed "dry" solid at p=0. Starting from the fundamental equation for the Helmholtz free energy of the solid saturated by fluid mixture (Coussy 2010 
where , , and are respectively the volumetric and deviatoric components of the stress and strain tensors. Using the Gibbs-Duhem equation for the bulk fluid mixture, Macroscopic case. The classical Bio equations are recovered from the Eq.6 in the limiting case of negligible adsorption, when the pore fluid is assumed to have the same composition and pressure as the bulk fluid, i.e., = and the excess adsorption is proportional to the change of porosity,
Using the Gibbs-Duhem equation (4), the fundamental equation for the excess grand thermodynamic potential reduces to
The excess grand thermodynamic potential at given deformation , and pressure can be calculated by integrating Eq. 7 first over and along the trajectory of deformation of the dry solid at p=0 and then over p along the trajectory of saturation of the deformed solid at given and with fluid up to pressure p,
This integration results in the quadratic form,
Derivation of Eq.9 implies the linear Hooke law for the stress tensor of the dry solid with K and G, respectively, the bulk and shear modulus, and the constant Biot parameters defined through the respective derivatives of the porosity,
= ( / ) and = ( / ) . (10).
The Biot equations directly follow from the respective derivatives of the excess grand thermodynamic potential (9), according to Eq.7,
Note that Coussy in his thermodynamic derivation of the macroscopic Biot equations arrived at the same excess grand thermodynamic potential (7) that he denoted (Coussy 2010 ).
ADSORPTION-INDUCED DEFORMATION
Adsorption stress. To account for fluid adsorption on a deformable porous solid, it is convenient to present the excess adsorption (1) as a sum,
where is the Gibbs excess adsorption defined based on the reference pore volume rather than :
While the excess adsorption corresponds to the quantity measured in adsorption experiments provided the calibration of the pore volume to , the excess adsorption is the quantity that is calculated theoretically or in molecular simulations for the given geometry of the deformed solid; it depends on the pore volume (controlled by porosity ) and shape (controlled by deviatoric strains ), = ( , , ).
The fundamental equation (5) for the excess grand thermodynamic potential is respectively presented as
Integration of Eq.16 with the same assumptions that lead us in the macroscopic case from (8) to (9) brings about the following equation for the excess grand thermodynamic potential for the adsorbing porous materials, (17) where the last term represents the excess grand thermodynamic potential of adsorbed phase , which depends on the solid phase deformation and chemical potentials of adsorbing components,
Integral equation (18) for the excess grand thermodynamic potential represents the Gibbs adsorption equation. The extended Biot equations for the adsorbing nanoporous materials are obtained by direct differentiation of the excess grand thermodynamic potential (17),
Here, we introduced the volumetric and deviatoric components of the adsorption stress defined through the respective derivatives of the adsorption grand thermodynamic potential :
Eqs. 19-20 determine adsorption-induced elastic deformation of an isotropic solid of uniform porosity immersed in a bulk fluid of given composition and pressure and subjected to confining volumetric and deviatoric stresses. The mechanical properties of the solid are characterized by the sample volumetric and sheer moduli, as well as the Biot coefficient b and Biot modulus N, are related to the related to the bulk modulus of the solid phase, as (Coussy 2010)
where is the volumetric modulus of the solid phase.
Adsorption experiments with unconstrained samples. In standard adsorption experiments, the adsorbent is not constrained so that the confining stress equals to the negative external pressure, = − , = 0, and Eqs. 19-20 are reduced to
From Eq.24, it follows that the adsorption induced volumetric strain is determined by the adsorption stress according to
This equation is valid for adsorption from both liquid and gas phases. Note that pressure p in Eq.26 is the pressure in the equilibrium bulk fluid. Special care should be taken in case of gas adsorption accompanied by capillary condensation in mesopores and also in case of materials of hierarchical micro-mesoporous structure. In most gas adsorption systems, except for sorption of supercritical fluids at high pressures, like carbon dioxide, the gas pressure is negligibly small compared to the adsorption stress. Under these conditions,
The latter approximate equality holds when the solid phase can be considered as incompressible, so that the adsorption-induced deformation is mainly related to the expansion or contraction of the pore space. Considering relatively small (typically small fractions of percent and rarely exceeding 1-2 %) deformation of real nanoporous adsorbents in the linear elastic regime and GPa range of modulus K (which is usually estimated with high uncertainty), Eq.27 is sufficient for quantitative predictions. When the strain is measured experimentally and the adsorption stress is calculated theoretically, Eq.27 can be used for the estimate of the modulus K. The linear theory with constant moduli assumed here can hardly be used in case of highly compliant materials, like aerogels or MOFs, which exhibit swelling of the order of tens and sometime hundreds of percent. Special consideration is required for materials of non-homogeneous porosity, e.g., hierarchically structured micromeso-macroporous materials (Balzer, Brameier et al. 2015) . The latter case of coal seam reservoir with double porosity was considered in a series of recent papers by French researchers, see most recent paper (Espinoza, Vandamme et al. 2016 ) and references therein.
CALCULATION OF ADSORPTION STRESS AND APPLICATION EXAMPLES.
In order to predict the adsorption-induced deformation, one has to calculate the adsorption stress as the derivatives of the excess grand thermodynamic potential (18) with respect to the porosity and deviatoric strains according to Eq.21-22. To do this, it is necessary, in general, to obtain the theoretical excess adsorption isotherm = ( , , ) as a function of porosity and deviatoric strains. As for now, applications of the adsorption stress approach are limited to analyses of the volumetric strain per Eq. 36 assuming pores of simple geometries -slit, rectangular, rhomboidal, cylindrical, or spherical shapes. However, even with this simplistic approach, it was possible to describe the characteristic adsorption deformation mechanisms such as a non-monotonic deformation of microporous zeolites and carbons, breathing and gating transitions in MOFs, and sequences of expansion and contraction stages during capillary condensation and desorption in mesoporous materials. The theoretical adsorption isotherm and, respectively, the adsorption stress can be calculated by various means: (a) using empirical models, like Langmuir equation for micropore adsorption (Neimark, Coudert et al. 2010) or DerjaguinBroekhoff-de Boer (DBDB) model for mesopore adsorption (Gor and Neimark 2010) , (b) direct Monte-Carlo (MC) simulation in the grand canonical or osmotic ensembles (Kowalczyk, Ciach et al. 2008 ) (Bousquet, Coudert et al. 2013) , (c) classical density functional theory (DFT), (Ravikovitch and Neimark 2006) (Gor and Neimark 2011) . As an interesting practical application, it is worth noting the suggestion of using the in-situ strain isotherms for estimating the pore size distribution in microporous carbons by employing a characteristic non-monotonic dependence of the adsorption stress on the micropore size (Kowalczyk, Balzer et al. 2016) .
